Physician caseload may be a predictor of patient outcomes associated with various medical conditions and procedures, but the association between patient-physician ratio and mortality among patients undergoing hemodialysis has not been determined. We examined whether a higher patient-nephrologist ratio affects patient mortality risk using de-identified data from DaVita dialysis clinics and the U.S. Renal Data System. A total of 41 nephrologists with a caseload of 50-200 hemodialysis patients from an urban California region were retrospectively ranked according to their hemodialysis patient mortality rate during a 6-year period between 2001 and 2007. We calculated all-cause mortality hazard ratios for each nephrologist and compared patient-and provider-level characteristics between the 10 nephrologists with the highest patient mortality rates and the 10 nephrologists with the lowest patient mortality rates. Nephrologists with the lowest patient mortality rates had significantly lower patient caseloads than nephrologists with the highest mortality rates (median [interquartile range], 65 [55-76] versus 103 [78-144] patients per nephrologist, respectively; P,0.001). Additionally, patients treated by nephrologists with the lowest patient mortality rates received higher dialysis doses, had longer sessions, and received more kidney transplants. In demographic characteristic-adjusted analyses, each 50-patient increase in caseload was associated with a 2% increase in patient mortality risk (hazard ratio, 1.02; 95% confidence interval, 1.00 to 1.04; P,0.001). Hence, these results suggest that nephrologist caseload influences hemodialysis patient outcomes, and future research should focus on identifying the factors underlying this association.
Currently more than 400,000 patients are receiving long-term hemodialysis (HD) therapy for ESRD in the United States. Despite advancements in technology, patients with ESRD experience a seven-fold higher risk of death compared with the general population. 1 To reduce the high burden of morbidity and mortality among dialysis patients, 2, 3 clinical practice guidelines, such as the National Kidney Foundation's Kidney Disease Outcome Quality Initiative, have established targets for dialysis prescription and kidney disease complications (e.g., anemia, mineral bone disease, and malnutrition). 4 In the past decade, several studies have sought to identify determinants of HD patient morbidity and mortality at the patient level (such as case mix and socioeconomic factors) and at the facility level (such as urban versus rural dialysis center and remote distance from dialysis center [5] [6] [7] ).
In addition to patient and facility-level characteristics, there has been increasing examination of provider-level factors, such as physician caseload (patient-to-physician ratio), as predictors of mortality among various conditions and procedures. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Physician caseload has been inversely associated with risk of adverse outcomes for both surgical procedures 12 and medical conditions (e.g., AIDS, 13 sepsis, 9 and myocardial infarction 8 ). However, for some complex medical conditions (such as diabetes 18 and pneumonia 16 ), high physician caseload has been associated with reduced adherence to clinical practice guidelines and process measures, but not worse outcomes per se.
Patients with ESRD are a unique population with a high burden of complex comorbid conditions who are routinely subjected to specialized procedures. In this regard, there may be a differential association between provider caseload and outcomes in this population. In one study, high HD patient-tonurse ratios were associated with an increased likelihood of patient dissatisfaction, reduced adherence to dialysis (i.e., skipped and/or shortened treatments), and increased intradialytic hypotension. 20 However, to our knowledge no studies have examined the association between patient-to-physician ratio and HD patient mortality. To better inform the field, we examined the association between nephrologist caseload and HD patient all-cause mortality within a large for-profit dialysis provider in a densely populated urban region in California during a 6-year period. We hypothesized that patients receiving care from nephrologists with higher caseloads had incrementally greater mortality than those receiving care from lower-caseload nephrologists.
RESULTS

Cohort Description
The national database of all DaVita dialysis patients included 164,789 patients during the 6-year period from July 1, 2001, through June 30, 2007 . From this cohort, we excluded patients who did not have information in the base quarter, resided outside of Los Angeles County (as determined by a non-"90xxx" ZIP code), were ,18 years of age, received treatment from a nephrologist with a discrepancy in patient assignment and outcomes, were receiving a non-HD modality (i.e., peritoneal dialysis), or had missing cohort time. Table 1 shows patient characteristics and HD treatment data for the Los Angeles County HD patient population irrespective of nephrologist caseload (n=7600) and broken down in caseload increments of 50. We then excluded patients who received care from nephrologists with caseload of ,50 or .200 HD. The final cohort consisted of 4073 HD patients under the care of 41 Los Angeles County nephrologists. Table 2 presents further analysis of patient characteristics of the 10 nephrologists with the lowest hazard ratios (HRs) (n=820) and the highest HRs (n=1051). Figure 1 shows the death hazard ratios of the 41 nephrologists included in Table 2 .
During the follow-up period, a greater proportion of deaths and a lower proportion of kidney transplantations occurred among patients receiving treatment from nephrologists associated with the highest mortality risk than those with the lowest mortality risk. Compared with patients cared for by nephrologists with the highest mortality risk, those cared for by nephrologists with the lowest mortality risk tended to have a lower prevalence of Hispanic race/ethnicity, diabetes, heart failure, hypertension, and private insurance as their primary insurer and a higher prevalence of African-American and white race/ethnicity, arteriovenous fistulas, and Medicaid as their primary insurer. Additionally, patients cared for by nephrologists with the lowest mortality risk had, on average, longer dialysis session lengths, higher delivered dialysis doses, and some but not all laboratory measures consistent with less inflammation (lower white blood cell count) and greater protein intake (increased normalized protein catabolic rate).
Nephrologist Caseload and Mortality
In survival analyses, nephrologists with the highest patient mortality HRs had a significantly larger caseload than nephrologists with the lowest patient mortality HRs (median [interquartile range], 103 [78, 144] versus 65 [55, 76] patients/ nephrologists, respectively; P,0.001). In case mix-adjusted analyses, patients receiving care from higher-caseload nephrologists had greater mortality, such that for every increase in caseload of 50 patients/nephrologist, there was a 2% higher mortality risk (HR, 1.02; 95% confidence interval, 1.00 to 1.04; P,0.001). When nephrologist caseload was examined as a restricted cubic spline function, excluding two outlier physicians, each with .250 patients, there appeared to be a monotic increase in mortality risk from 50 patients up to a peak of 140 patients, after which risk plateaued (Figure 2 ).
DISCUSSION
To our knowledge, this is the first study to evaluate the relationship between individual nephrologists, nephrologist caseload, and HD patient mortality risk. In this study, we examined a contemporary cohort of 7600 patients undergoing maintenance HD treated in a large United States-based dialysis organization during a period of 6 years. We found that among Los Angeles County nephrologists caring for 50-200 patients, nephrologists with lower patient mortality HRs had a significantly smaller caseload than those with higher patient mortality HRs. Additionally, nephrologists with lower patient mortality HRs tended to have more favorable case-mix and delivered-dialysis characteristics (e.g., longer dialysis session lengths and greater dialysis doses). After accounting for differences in case mix, we found that patients receiving care from higher-caseload nephrologists had greater mortality than those receiving care from lower-caseload nephrologists and that this association was robust in both categorical and restricted cubic spline analyses. The findings contrast with those of prior studies showing an inverse association between provider caseload and patient outcomes in the context of surgical 12, 21 and invasive cardiovascular 11 procedures and medical conditions (e.g., acute myocardial infarction, 8 sepsis, 9 pulmonary embolus, 14 and AIDS 13 ). In a systematic review evaluating the effect of physician volume on outcomes, 69% of studies showed that high provider volume was a determinant of improved patient outcomes. 10 There have been several explanations for this pattern of association. First, it has been hypothesized that provider caseload may be a proxy for a physician's experience, knowledge, skills, and/or quality of care with which to manage particular diseases. 8, 9, 13 Second, there may be a selection factor in which (1) physicians who achieve favorable patient outcomes will receive more patient referrals or (2) patients may self-refer to physicians who care for patients with similar characteristics. 9, 10 Third, these observations may reflect not only physician practice patterns but also the system in which the provider works. For example, physicians with high patient caseloads may belong to high-volume facilities with greater access to resources (e.g., multidisciplinary care teams) that confer improved outcomes. 15 In contrast, in studies of ambulatory diabetes and inpatient pneumonia cohorts, high patient volume was associated with reduced adherence to process measures (e.g., decreased hemoglobin A1c screening and vaccine screening/administration, respectively); however, this did not translate into worse outcomes (e.g., no differences in A1c levels or patient mortality, respectively). 16, 18 Several factors may explain why a differential association between physician caseload and mortality may exist among HD patients. First, the aforementioned studies of patients without ESRD examined acute procedures and conditions (e.g., pulmonary embolus 14 ) or short-term outcomes of chronic conditions (i.e., in-hospital or 30-day mortality). 8, 9, 11, [13] [14] [15] 17, 19 In contrast, our study evaluated long-term outcomes in a largely ambulatory setting, which is more representative of the longitudinal care that nephrologists provide to maintenance HD patients. Second, HD patients have a disproportionate burden of comorbid conditions and kidney disease-related complications and routinely undergo specialized procedures that require complex decision-making from a multidisciplinary team of providers (i.e., nephrologist, dialysis nurse, vascular access surgeon, dietician, social worker). This population may thus require a substantial amount of individualized management and communication with multidisciplinary team members that may be more difficult to achieve among highcaseload nephrologists. Third, in caring for HD patients, there may be a caseload threshold above which the benefits of acquiring greater experience and knowledge is outweighed by insufficient time and attention provided to individual patients. In this study, we focused on patients receiving care from nephrologists with a caseload of 50-200, and it is possible that this threshold exists below this lower limit. The association between nephrologist caseload and outcomes may have important policy implications given the high prevalence, costs, mortality rate, and health care burden of ESRD. First, identifying mechanisms by which increased caseload confers worse outcomes may provide an opportunity to improve the static morbidity and mortality rates of patients with ESRD. For example, when we compared nephrologists with the highest patient mortality HRs (with a higher median caseload) to those with the lowest patient HRs, patients from the former group had shorter median dialysis session lengths than those in the latter group. Given the association between shorter dialysis session lengths and greater mortality, 22 this may be a process of care by which high caseload confers greater mortality. However, it should be noted that these values represent delivered as opposed to prescribed indicators, which may be influenced by patient-level (e.g., nonadherence) or facility-level (e.g., overcrowding) practices as opposed to physician-level factors. Second, there has been increasing concern about an impending nephrologist workforce crisis in the context of a declining interest in nephrology as a career among trainees. 23 If these concerns are realized, a nephrologist shortage may exacerbate the associations between high caseload and higher mortality. We also demonstrate significantly more transplants among lower-mortality-risk (lower-caseload) doctors. Although racial differences between our high-and low-mortality cohorts may limit the significance of this finding, it may nonetheless prompt high-volume providers to examine whether ongoing patient education and transplant referrals are equally available to patients in a higher-volume setting. Further studies are needed to confirm these findings and to explore processes by which high caseload influences patient outcomes.
The strengths of our study include the following: examination of a contemporary dialysis cohort (2001-2007) ; uniform laboratory measurements, with all laboratory data analyzed within a single laboratory facility; large sample size; long period of follow-up; and adjustment for differences in comorbid conditions, sociodemographics, and laboratory value characteristics.
Several limitations of this study also exist. First, although we adjusted for differences in case mix in analyses examining the caseload-mortality association, we cannot exclude the possibility of clustering of patient characteristics among providers. There did appear to be a less favorable distribution of case-mix and delivered-dialysis characteristics among nephrologists with the highest patient mortality HRs (higher prevalence of diabetes, 24 hypertension, 25, 26 and heart failure; lower prevalence of African Americans; 27 and shorter dialysis sessions 28, 29 ) than those with the lowest mortality HRs. Second, given the observational and retrospective nature of our study, we cannot exclude the possibility of residual confounding due to limited severity of illness information. Third, we did not examine cause-specific mortality (i.e., cardiovascular, infectious), which may have provided greater insight into mechanisms. Fourth, our study did not account for peritoneal or home HD patients, which may have accounted for differences in incenter HD patient caseload among some nephrologists. We were also unable to take into account care provided by the examined nephrologists to HD patients outside our study cohort during the study period. Fifth, our data were restricted to patients who receive treatment in for-profit dialysis units in an urban Californian region 30, 31 and thus may not be generalizable to patients receiving care in not-for-profit dialysis units or those residing in other United States regions. Finally, our available study data and methods did not allow us to control for provider vintage, number of provider encounters per month, presence of ancillary providers (such as nurse practitioners or physician assistants), or association with academic centers where fellows may participate in dialysis patient care. We also had no direct information about socioeconomic status of the patients, although we used insurance status as a surrogate to this end. Given the ever-changing nature of healthcare practice models in the United States, future studies should explore the effect of these potential variables in hemodialysis patient care.
In conclusion, we believe our study is the first of its kind to examine the association between nephrologist caseload and mortality risk in a large urban United States setting. We have found that patients receiving treatment from higher-caseload nephrologists have greater mortality than those receiving care from lower-caseload nephrologists. Further studies are needed to confirm findings, to explore mechanisms by which caseload influences outcomes, and to determine the caseload threshold above which the benefits of increased experience are outweighed by a deterioration in quality of care and patient outcomes.
CONCISE METHODS
Patient Cohort
Administrative data from all individuals with ESRD who underwent HD treatment from July 1, 2001 , to June 30, 2006 , for 20 consecutive calendar quarters in one of the United States outpatient dialysis facilities of DaVita, Inc., were included and were followed for 1 additional year (until June 30, 2007) . The creation and analyses of this 6-year, nonconcurrent, dynamic cohort of HD patients have been described previously. [32] [33] [34] [35] [36] [37] The study was approved by the institutional review committees of the Los Angeles Biomedical Research Institute at Harbor-UCLA and DaVita Clinical Research. The requirement for a written consent form was exempted because of the large number and anonymity of the patients studied and the nonintrusive nature of the research.
Nephrologist Cohort
De-identified information regarding nephrologists and their respective patients was examined. Using random code identifiers to preserve anonymity, we restricted the nephrologist cohort to those who provided care to patients in Los Angeles County. At start of the data analyses, no members of the investigative team had the ability to link this de-identified code to the identity of any specific nephrologist. However, later in the study, one of the study co-investigators who was within the nephrologist cohort agreed to be identified for the sake of comparison once all analyses were completed.
Clinical and Demographic Measures
To minimize measurement variability and the effect of short-term variation in dietary and fluid intake on weight or laboratory measurements, we averaged all repeated measures for each patient during any given calendar quarter (i.e., over 13 consecutive weeks or 3 months).
Dialysis vintage was defined as the duration of time between the first day of dialysis treatment and the first day that the patient entered the cohort. In addition to quarterly laboratory values, postdialysis dry weight (to calculate averaged body mass index [BMI]) was also calculated. The first (baseline) study quarter for each patient was the calendar quarter in which patient's vintage was .45 days during at least half of the time of that quarter. The administered dialysis dose was measured by single-pool Kt/V using urea kinetic modeling equations that are described elsewhere. 34 HD treatment time was estimated in minutes based on the dialysis machine log of the facility.
The presence or absence of diabetes at baseline was obtained from DaVita data. History of tobacco smoking and preexisting comorbid conditions were obtained by linking the DaVita database to the Medical Evidence Form 2728 of the United States Renal Data System, and the latter were categorized into 10 comorbid conditions: ischemic heart disease, congestive heart failure, history of cerebrovascular events, history of myocardial infarction, pericarditis, cardiac dysrhythmia, peripheral vascular disease, chronic obstructive pulmonary disease, current tobacco smoking, and cancer. 34 
Laboratory Values
Most blood samples were collected before dialysis, with the exception of the postdialysis serum urea nitrogen, which was obtained to calculate urea kinetics. Blood samples were drawn using uniform techniques in all dialysis clinics and were transported within 24 hours to a single laboratory center (DaVita Laboratory in Deland, Florida), where the laboratory values were measured by automated and standardized methods.
Statistical Analyses
Patients were assigned a nephrologist caseload value according to their respective nephrologist's total cumulative caseload (number of HD patients cared for over the study period).
Baseline characteristics within four groups of nephrologist caseload (,50, 50 to ,100, 100 to ,150, and $150 patients per nephrologist) were analyzed as proportions, means 6 SDs, or medians (with interquartile ranges) as dictated by data type, with P value for test-fortrend to evaluate whether there was an increasing or decreasing trend linearly across groups.
For the 41 nephrologists who had 50-200 patients, we evaluated individual nephrologists' HD patient all-cause mortality HRs in case mix-adjusted Cox proportional hazards models using the robust sandwich covariance estimates to take into account interdependency among patients from the same clinic. This limitation was set in order to focus our analysis on typical urban physician practice size while eliminating effects of very small or large caseload outliers. The case mix-adjusted models included each nephrologist, entry calendar quarter (Q1-Q20), age, sex, diabetes mellitus, race/ethnicity (nonHispanic white, non-Hispanic black, referred to as white and AfricanAmerican; also Hispanic, Asian, and other), dialysis vintage (,6 months, 6 months to ,2 years, 2 to ,5 years, $5 years), primary insurance (Medicare, Medicaid, private, and other), marital status (married, single, divorced, or widowed), dialysis dose as indicated by single-pool Kt/V, residual renal function during the entry quarter (i.e., urinary urea clearance), 10 comorbid conditions (ischemic heart disease, congestive heart failure, history of cerebrovascular events, history of myocardial infarction, pericarditis, cardiac dysrhythmia, peripheral vascular disease, chronic obstructive pulmonary disease, current tobacco smoking, and cancer), and vascular access type (arteriovenous fistula, graft, catheter, other, or unknown). We then compared the baseline characteristics of patients receiving treatment from the 10 nephrologists with highest all-cause mortality HRs and the 10 nephrologists with the lowest HRs using chi-squared, Wilcoxon rank sum, and two-sample t tests according to data type.
Using multivariable Cox models with robust sandwich covariance estimators adjusted for the case-mix covariates (except for individual nephrologist), we examined the association between nephrologist caseload and all-cause mortality in which caseload was examined as a continuous variable with caseload increments of 50 and as a continuous variable illustrated with restricted cubic splines with 2 degrees of freedom to examine the nonlinear associations with mortality.
Patients who underwent transplantation or left DaVita clinics were censored at the time of the event. Patients were followed for mortality outcomes through June 30, 2007 , and records of death were obtained from the U.S. Renal Data Service. Missing covariate data (,1% for most laboratory and demographic variables) were imputed by means or medians of recorded values. For all analyses, two-sided P values are reported, and results were considered statistically significant if P,0.05. Analyses were carried out with SAS software, version 9.1 (SAS Institute, Inc., Cary, NC).
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